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Abstract 
Lowering the energy penalty associated with CO2 capture is one of the key issues of Carbon Capture and Storage 
(CCS) technologies. The efficiency of carbon capture must be improved to reduce the energy penalty because capture 
stage is the most energy-consuming stage in the entire process of CCS. 
Energy-efficient distributed carbon capture in hydrogen production has been demonstrated with an advanced 
membrane reformer system. We have already developed and operated an advanced 40 Nm3/h-class membrane reformer 
system and demonstrated its high hydrogen production efficiency of 81.4% (HHV), which is the world highest 
efficiency in terms of hydrogen production from natural gas. The system has another significant feature that the CO2 
concentration in the reactor off-gas is as high as 70~90% and CO2 can be liquefied and separated easily with little 
energy loss. An apparatus for CO2 capture was combined to the membrane reformer system and over 90% of CO2 in 
the reactor off-gas was captured by cryogenic separation. The total energy efficiency of hydrogen production even with 
CO2 capture was still as high as 78.6% (HHV), which is 510% higher than the conventional reforming technologies. 
The total CO2 emission from hydrogen production was decreased by 50% with only a 3% energy loss. A sensitivity 
analysis was also carried out to evaluate the effects of the operating conditions of the system on hydrogen production 
efficiency and CO2 reduction rate. 
© 2010 Elsevier Ltd. All rights reserved 
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Introduction 
In recent years, many countries commit themselves to a reduction of greenhouse gases including 
carbon dioxide (CO2), and various efforts have been accelerated to reduce CO2 emission in wide 
range of fields and industries. Hydrogen is expected to be a solution for the issue because it will play 
a significant role as an energy carrier with no environmental impact and to move toward achievement 
of a low carbon society. Though hydrogen is expected to contribute to mitigation of greenhouse gas 
emission, most of hydrogen available today is produced from fossil fuels and used mainly in 
industries [1,2]. Hydrogen production from fossil fuels is a practical and reasonable way for early 
introduction of hydrogen energy into society, but further CO2 reduction must be considered in the 
future because carbon dioxide is released during hydrogen production. 
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Though it is very hard to switch quickly from the current fossil fuel-based energy systems into a 
renewable one, we have to work on the issue steadily to reduce CO2 emission. In addition to 
developments for renewable energy, energy-saving technology and high-efficient equipment and 
vehicles, Carbon Capture and Storage (CCS) technologies are promising solutions for reducing CO2 
emission in the transition from fossil fuel-based society to sustainable society. Carbon capture 
technologies are important in CCS chain and lowering the energy penalty and cost associated with 
CO2 capture is a key issue for practical application of CCS technologies because the capture stage is 
the most energy-consuming stage in the entire process of CCS. While lots of large-scale carbon 
capture technologies have been demonstrated, there are only a few reports [3,4] about distributed 
carbon capture and storage. Distributed carbon capture used to be considered unfavorable compared 
with centralized large-scale carbon capture because of large energy loss, costly and space-consuming 
CO2 purification and capture facilities. 
Further reduction of the energy penalty will increase the feasibility of CCS technologies even in 
distributed carbon capture case. Hydrogen separation membrane technology can be a solution to the 
issue and provide an efficient carbon capture in hydrogen production. In the present study, we have 
demonstrated energy-efficient distributed carbon capture in hydrogen production from natural gas 
with an advanced membrane reformer technology. 
 
1. Advanced Membrane Reformer System 
Steam methane reforming (SMR) with pressure swing adsorption (PSA) is the most commonly 
used technology for hydrogen production from fossil fuels. It is widely used in industries but there are 
mainly two issues in case of distributed hydrogen production, which are reduction of system size and 
improvement of energy efficiency. A membrane reformer is more compact and more highly-efficient 
than the conventional SMR with PSA system because steam reforming reaction of natural gas and 
hydrogen separation process proceed in a single reactor simultaneously without a separate shift 
converter and a purification system. A schematic diagram and principle of the membrane reformer is 
shown in Fig. 1. In the membrane reformer, natural gas is reformed in the catalyst bed and only 
hydrogen can be separated from a reformed gas mixture by a hydrogen separation membrane. The 
reforming process with simultaneous hydrogen separation can be free from the limitation of chemical 
equilibrium [5] and provide high energy efficiency than the conventional technologies. Due to these 
advantages, the membrane reformer is expected to be applied to on-site hydrogen production 
including hydrogen refueling stations for fuel cell vehicles. The membrane reformer offers another 
significant advantage of high CO2 concentration of 70~90% in the reactor off-gas. Even under the 
rated operating condition where the CO2 concentration of the reactor off-gas is the lowest, the CO2 
concentration is significantly higher than that of fossil fuel combustion systems, i.e., natural gas fired 
boiler: 7~10%, gas turbines: 3~4%, and coal fired boilers: 12~14% [6]. Due to the high CO2 
concentration of the off-gas, CO2 purification is not required and CO2 can be captured easily by only 
compression and liquefaction and the cost for carbon capture can be reduced significantly compared 
with other carbon capture technologies. The membrane reformer is a very promising technology not 
only to achieve the highest efficiency in hydrogen production from natural gas but also to capture CO2 
efficiently.  
Tokyo Gas has been working on an advanced membrane reformer system development for highly 
efficient hydrogen production from natural gas for more than 15 years. We have successfully 
developed and operated a 40 Nm3/h-class membrane reformer system (1st MRF) and demonstrated its 
high efficiency of 76.2% (HHV) in 2004 [7]. Hydrogen production efficiency from natural gas is 
defined by the following equation: 
W(AUX)QF
QF(%)Efficiency
NGNG
H2H2


  
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where FH2 is the flow rate of product hydrogen, FNG is the flow rate of natural gas, QH2 is the gross 
heating value of hydrogen, QNG is the gross heating value of natural gas, and W(AUX) is auxiliary 
power consumption. Electricity for hydrogen suction/compression unit is not included in the 
efficiency described above. The improved version of the membrane reformer system (2nd MRF) was 
developed in 2007 and showed significantly higher performance of 81.4% (HHV), which is about 5% 
higher than the previous system. The 2nd MRF has achieved the world-highest efficiency in hydrogen 
production from natural gas and has been proved to give the highest efficiency among various 
competing technologies. These demonstrations proved that the hydrogen production efficiency of the 
membrane reformer system is about 10~15% higher than the conventional SMR with PSA technology. 
Figure 2 shows the off-gas composition as a function of natural gas feed rate. Due to enhanced 
reaction by removal of hydrogen from the reformed gas, the concentration of CO2 in the off gas 
increased significantly. When the natural gas feed rate was 3.2 Nm3/h, the CO2 concentration in the 1st 
MRF off-gas was as high as 90%. In the case of the 2nd MRF, the CO2 concentration was 72% at 
minimum at the designed capacity of 40 Nm3/h (natural gas feed rate = 11.2 Nm3/h).  
 
 
2. Demonstration of Energy-Efficient Distributed Carbon Capture 
The experimental results described above suggest the possibility of efficient carbon capture in the 
membrane reformer system because highly concentrated CO2 can be captured easily without large and 
energy consuming absorption and purification facilities. Prior to the demonstration of distributed 
carbon capture in hydrogen production, the potential of the membrane reformer system to capture CO2 
was numerically evaluated. CO2 emission from each part and possible CO2 reduction rate of the 
membrane reformer system were calculated by assuming that 100% CO2 in the reactor off-gas can be 
captured by liquefaction process. The material balance of the 40 Nm3/h-class membrane reformer 
system was calculated based on the experimental data. The CO2 capture system was assumed to be 
composed of a dehumidifier, a compressor, a chiller and a gas-liquid separation unit. The off-gas from 
the membrane reformer system was assumed to be compressed up to 7.0 MPaG at over 29ºC, then 
cooled down to room temperature to liquefy and separate CO2 in the gas-liquid separation unit. CO2 
emission from the electric power consumption was calculated from the average emission factor of the 
Fig. 2. Natural gas feed rate dependence of 
off-gas composition. 
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Tokyo area in 2008 (0.332 kg/kWh) [8]. Required electricity for CO2 capture system was also 
estimated with the theoretical power consumption of the compressor. The calculated CO2 emission 
and possible reduction rate at designed capacity of the membrane reformer are shown in Fig. 3. The 
amount of CO2 emission from the reactor in the reformer system, which can be captured by 
liquefaction, was 56% at the designed capacity of 40 Nm3/h. The estimation revealed that CO2 
emission in hydrogen production can be reduced significantly by capturing CO2 from the off-gas. 
 
 
 
To demonstrate the efficient CO2 capture with the membrane reformer system, a test apparatus for 
CO2 capture was developed and combined with the 40 Nm3/h-class membrane reformer system. 
Figure 4 shows the improved 40 Nm3/h-class membrane reformer system and CO2 liquefaction test 
equipment. Hydrogen production operation was carried out and part of the reactor off-gas was 
introduced into the test equipment to separate and capture CO2. The obtained and calculated data from 
the demonstration at 75% of the designed capacity (hydrogen production rate = 30.6 Nm3/h) are 
shown in Table 1. When the system was operated with CO2 capture at 75% of the designed capacity, 
over 90% of CO2 in the reactor off-gas was captured and CO2 emission was decreased from 25.1 to 
12.6 kg/h, while electricity consumption was increased from 6.6 to 13.6 MJ/kg-H2 by applying CO2 
capture. The total energy efficiency of hydrogen production was still as high as 78.6% (HHV) even 
with CO2 capture, which is 5~10% higher than the conventional reforming technologies without CO2 
capture. The total CO2 emission in hydrogen production was decreased by 50% with only 3 % energy 
loss, which is a competitive energy loss with other carbon capture technologies. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Estimated CO2 emission and CO2 reduction rate of
 40 Nm3/h-class membrane reformer. 
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Table 1. Energy efficiency of hydrogen production and CO2 reduction rate. 
 MRF 75% load 
(individual operation) 
MRF 75 load  
+ CO2 capture 
(calculated from 
experimental data) 
Natural gas 168.5 168.5 Input Energy 
(MJ/kg-H2) Electricity 6.6 13.6 
Hydrogen production rate (Nm3/h) 30.6 30.6 
Efficiency (%, HHV) 81.7 78.6 
CO2 emission (kg/h) *1 25.1 12.6 
CO2 reduction rate (%) - 50 
*1 CO2 emission from the electric power consumption was calculated from the average 
emission factor of the Tokyo area in 2008 (0.332 kg/kWh). 
 
3. Sensitivity Analysis for Carbon Capture with MRF 
When the carbon capture apparatus is applied to the membrane reformer system, the total system 
efficiency and carbon reduction rate are major matters of concerns since capturing CO2 requires extra 
energy. A sensitivity analysis was carried out to evaluate the effect of the operating conditions of the 
system. The results of demonstration shown in Table 1 were used as the base condition of the 
sensitivity analysis. The Analysis was carried out with the process simulator Aspen Hysys ® (Aspen 
Technology, Inc.) using other additional experimental data. Three parameters of “Temperature of gas-
liquid separator”, “Operating load of the membrane reformer system” and “Average emission factor” 
were varied and the results are shown in Fig. 5. 
The temperature of the gas-liquid separator was varied in the simulation, and the efficiency was 
found to decrease with decreasing temperature because more electricity is required for the chiller unit 
CO2 liquefaction
test equipment 
40 Nm3/h-class
membrane reformer system
Fig. 4. 40 Nm3/h-class membrane reformer system and CO2
liquefaction test equipment. 
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to reduce the temperature of the gas-liquid separator and increase the CO2 recovery rate from the 
reactor off-gas. Though the total hydrogen production efficiency without CO2 capture at the designed 
capacity (100% load) of the membrane reformer system is almost the same as 75% load, the 
efficiency at 100% load with CO2 capture was lower than that of 75% load. This is because of lower 
CO2 concentration in the reactor off-gas that requires more energy and also reduces the CO2 recovery 
rate from the reactor off-gas. When the reformer is operated at lower load such as 50%, CO2 
concentration in the reactor off-gas increases, but lower efficiency caused by more natural gas input 
per unit hydrogen for boiler and burner has further impact on CO2 reduction rate. When the average 
emission factor was varied, the hydrogen production efficiency was not changed and CO2 reduction 
rate increased with decreasing the average emission factor. From the viewpoint of efficiency and CO2 
reduction rate, the membrane reformer system should be operated at over 75% load and the 
temperature of gas-liquid separator must be controlled from -30 to -20°C. 
 
 
 
4. Conclusions 
In the present study, energy-efficient distributed carbon capture in hydrogen production has been 
demonstrated with the advanced membrane reformer system. The experiment was the first demonstration 
in the world in terms of small-scale on-site hydrogen production with carbon capture. The advanced 
membrane reformer system can reduce CO2 emission to half with only 3% energy loss by applying the CO2 
capture apparatus. Carbon capture in on-site distributed hydrogen production used to be considered 
unrealistic with conventional technologies because of large energy loss, costly and space-consuming CO2 
purification and capture facilities. However, the present demonstration revealed that energy-efficient 
distributed carbon capture is feasible in hydrogen production with the advanced membrane reformer 
system. 
The efficient carbon capture technology can reduce the energy penalty of CCS and lower the barrier to 
the introduction of CCS technologies into the market. Hydrogen separation membrane technology is one of 
the key solutions for the issue and the advanced membrane reformer system has opened the door to make it 
technically and economically viable to capture CO2 efficiently in distributed hydrogen production. 
 
 
 











   
 !"!#
$!% #&'(
)*!!%+
CO2 reduction rate
H
yd
ro
ge
n 
pr
od
uc
tio
n 
ef
fic
ie
nc
y
40%
50%
100%
75%, -20, 0.332kg/kWh
Calculated from experimental data	
0.4kg/kWh
0.2kg/kWh0.3kg/kWh
0 -10
-30
Fig. 5. Results of sensitivity analysis for MRF with carbon capture.
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